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Abstract 
In this paper we tackle the problem of jointly finding the optimal location of the ATM 
switches, the topology of the backbone and local access networks, the dimension of 
switches and links between switches. We propose a mixed 0-1 integer programming for
mulation for the problem. Computational results for two examples will be presented and 
discussed. 

Keywords 
Topological design, dimensioning, location problem, backbone and local access networks, 
network devices 

1 INTRODUCTION 

The development of traditional communication networks was achieved over a long period 
of time. Network design techniques were progressively used as the networks increased in 
size to address some of the issues that were involved in the network development. This does 
not seem to be the case for broadband networks: the concepts and technicalities underlying 
those networks are being defined beforehand. The system planners have therefore a unique 
opportunity to design the system from scratch and to implement design tools, so that 
design decisions for those networks can be carefully evaluated. 

Traditionally, the communication network design process has been partitioned into 
several subproblems that we schematically present in Figure 1. Many exact and heuristic 
algorithms have been proposed for all subproblems but, in general, optimal solutions to 
all subproblems do not provide an optimal solution to the global problem. 

The objective of this paper is to present a model that addresses the broadband network 
design problem as a whole. The paper is divided as follows. Section 2 is dedicated to 
a literature review. The problem is formulated in Section 3. A simplified f9rmulation is 
proposed in Section 4. Some computational results are presented in Section 5, followed by 
conclusions and snggestions for further research in Section 6. 
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Choose location of switching nodes 

Assign user nodes to switching nodes 

Design local access networks 

Compute traffic between switching nodes 

Design the backbone network 

Evaluate the designed network 

No 

Figure 1 A network design process. 

2 LITERATURE REVIEW 

As we mentioned in Section 1, network design approaches have rarely been addressed 
in a global manner. A good overview of traditio:1.al telecommunications network design 
techniques and algorithms may be found in Sharma (1990) and Kershenbaum (1993). 

The global approach has been considered only by a few authors. Gersht and Weih
mayer ( 1990) proposed a mixed 0-1 integer programming model for the overall design of 
a data network that integrates routing, capacity assignment, transmission facility selec
tion and the topological design subject to performance and reliability constraints. The 
authors showed that the model leads to a natural decomposition of the problem into two 
subproblems that can be solve sequentially. An algorithm based on a greedy heuristic 
is proposed to solve the model. Gavish (1992) proposed a nonlinear combinatorial opti
mization model for the overall problem of designing a computer communication network. 
The model involves decisions on where to place the switches and how to select the set of 
backbone links, how to link user nodes to the switches and how to route the messages. A 
Lagrangean relaxation is proposed to solve the model. Chung, Myung and Tcha (1992) 
presented a quadratic 0-1 programming model for the overall design of a distributed net
work with a two-level hierarchical structure, where the embedded backbone network is 
full-meshed and the local access networks are stars. The authors proposed an equiva
lent linearized version of the model. A dual-based lower bounding procedure incorporated 
in a branch-and-bound solution method is proposed. Kim and Tcha (1992) investigated 
the topological design problem of a two-level hierarchical network where the backbone 
network is a tree and the local access networks are stars. The problem is modeled as a 
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mixed 0-1 integer program and solved by a branch-and-bound algorithm. This work was 
extended by Lee, Ro and Tcha (1993), who considered ring-shaped backbone networks. 
Lee, Qiu and Ryan (1994) modeled the two-level hierarchical network design problem as a 
degree constrained node-weighted Steiner tree problem. The authors proposed a heuristic 
procedure to find feasible solutions. The procedure is incorporated into a branch-and-cut 
solution method. 

Although all the aforementioned articles have taken a global approach to the network 
design problem, none of them has incorporated the special structure of network devices 
such as switches, multiplexers and links. For instance, no degree constraints on the switch
ing nodes are considered. In fact, to our knowledge, the overall communications network 
problem, including the structure of the devices, has not been treated so far because it is 
enormously complex and hard to solve. 

In the next section, we propose a model for the overall broadband network design 
problem. 

3 PROBLEM FORMULATION 

The general philosophy behind the model is to consider the structure of the devices in 
the overall design procedure for broadband networks. These devices are switches, multi
plexers and communication links. Before formally presenting the model, we underline the 
functionality and the structure of these devices. 

Switching nodes 
The main tasks for an ATM switching node are VPI/VCI translations and the cell trans
port from its input port to its dedicated output port. The general model of a switching 
node is presented in Figure 2. We make some assumptions concerning the switches. First, 
we assume that a connection involves exactly one input port and one output port. In the 
following, a pair of input/output ports is considered to be an entity and is simply called 
a port. Second, we make the assumption that the ports of a switching node may have 
different speeds. Typically, two different speeds at the physical layer are mentioned in the 
literature: STM-1 (155.520 Mbit/s) and STM-4 (622.080 Mbit/s). Third, we assume that 
a switching node has a global capacity. 10 Gbit/s was mentioned by our colleagues in the 
industries. Finally, we assume that a switching node cannot have more than n ports. This 
assumption is translated by a degree constraint for the switching nodes. 

The cost of a switch consists of two terms: a fixed cost and the cost of the ports. The 
fixed cost involves the cost for establishing the switch and the cost of the switch without 
the ports. The cost of the ports is simply the sum of the costs of all ports, where the cost 
of a port is a function of its speed. 

For more details about broadband switching nodes the reader is referred to Handel, 
Hubert and Schroder (1994). 

Multiplexers 
Formally, this device multiplexes several signals originating from different users into a 
single access link. Because we are working at the physical layer, we assume the use of STM 
multiplexers. For STM multiplexers, no concentration takes place. The general model of 
a STM multiplexer is presented in Figure 3. We make the assumption that at most one 
level of multiplexing is used. 
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IP =Input Port, OP =Output Port 

Figure 2 General model of a switching node. 

STM-1 

STM-m 

m--------t 
STM-1 

Figure 3 General model of a STM multiplexer. 

Communication links 
A communication link carries signals in a full-duplex fashion between two nodes of the net

work. We make the assumption that the communication links may have different speeds. 

Typically, two different speeds are mentioned in the literature: STM-1 and STM-4. More

over, we assume that each user node is connected to the backbone network through a 

STM-1 link. 

3.1 The model 

The following notation is used throughout the paper. 

M the set of user nodes; 
N the set of candidate locations for the switching nodes; 

R the set of port types; 
S the set of ports for a single switch; 
/{ the total capacity [Mbit/s] of a switching node; 

cr the speed [Mbit/s] of a port of type r E R; 
c the speed [Mbit/s] of the links used to connect the user nodes to the backbone 

network; 
mr the maximum number of input links for a multiplexer when the speed of its output 

link is cr. 
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Let vjt be a 0-1 variable such that vjt = 1 if and only if the port s E S of the switching 
node at location j E N is of type r E R. If b = 0, the port is used by users whereas if 
b = 1, the port is used for a connection between switching nodes. Also, let Uj be a 0-1 
variable such that Uj = 1 if and only if a switching node is established at location j E N. 

Next, we present the model in three parts: the physical constraints, the :flow constraints 
and the objective function. 

Physical constraints 
We include under this title the set of constraints that are related to topology, location 
and the choice of the devices in the system. Let xi] be a 0-1 variable such that xi] = 1 
if and only if the user node i E M is connected, via a multiplexer, to port s E S of type 
r E R of the switching node at location j EN. Also, let Yji/ be a 0-1 variable such that 
yj'i,t = 1 if and only if the port s E S of the switching node at location j E N is connected 
to the port t E S of the switching node at location kEN, j < k, where both ports are of 
type r E R. Now we present the physical constraints. 

• Each user node is connected to exactly one switching node. 

L L I>il = 1, i E M. (1) 
jEN sESrER 

• Each port used is of exactly one type and a port can be used either to connect to user 
nodes or to a switching node but not by both. 

L(vjg+vjf):S:uj, jEN, sES. (2) 
rER 

• The sum of the speeds of the ports is at most the total capacity of a switching node. 

L L cr(vjg + vj;) :S: I<uj, j EN. (3) 
sES rER 

e The maximum number of users connected to a switching node via the same multiplexer 
equals the number of inputs of the multiplexer. 

L rs < r rs x.. m V·0 ?.J - J ' 
iEM 

j E N, r E R, s E S. 

e A port is used for a user connection if at least one user is connected to it. 

x'iJ :S: vj~, i E M, j E N, r E R, s E S. 

(4) 

(5) 

• A port is used for a connection between switching nodes if another port is connected 
to it. 

yjj/ :::; 
Yrst 

jk 

j < k, j, kEN, s, t E S, r E R, 
j < k, j, kEN, s, t E S, r E R. 

(6) 

(7) 
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Figure 4 Illustration of a connection between switching nodes. 

• A connection between switching nodes is carried out by exactly one port to another 
port (see Figure 4.) 

"'"" "'"" rst + "'"" "'"" rts < rs L.. L.. Y.ik L.. L.. Ykj _vi!, j E N, r E R, s E S. (8) 
kEN tES kEN tES 
k>J k<J 

The flow constraints 
Let 0 <;:; M be the set of origin nodes, D <;:; M the set of destination nodes and dPq 
the demand in [Mbit/s] from the node p E 0 to q E D. Also, let J:~ be the flow in 
[Mbit/s] from the node p E 0 to qED that uses link (a, b) in the network, where node 
a (respectively b) may be a user node or a switching node. Finally, we denote Cab the 
capacity of link (a, b) in [Mbit/s]. We now present the set of flow constraints. 

• Flow conservation constraints. 

l dpq if i = p 
2: if/ - 2::: .m = -dpq if i = q , 
)EN )EN 0 otherwise 

i EM, p E 0, qED, (9) 

2: Jfiq - 2: if/ + 2: m - 2: m = o, j E N, p E 0, qED. (10) 
iEM iEM kEN kEN 

• Capacity constraints. 

L L cx';J, i EM, j EN, (11) 
sES rER 

LLLcryj;;\ j<k, j,kEN. (12) 
sES tES rER 

Hence, 

l:l:ff/ ::; cij, iEM, j EN, (13) 
pEO qED 

2:2: JJiq < cij, iEM, j EN, (14) 
pEO qED 

l:l:.m < cjk, j < k, j,k EN, (15) 
pEO qED 
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L_ L_ JJ:J ~ Cjk, j < k, j, k E N. 
pEO qED 

• Nonnegativity constraints. 

ff/,ffl 2: 0, 

JJ1,JJ:J 2: 0, 

i EM, j EN, p E 0, qED, 
j < k, j, k E N, p E 0, q E D. 

The objective function 

(16) 

(17) 
(18) 

Let aii be the cost of the access link between node i E M and j E N, f3jk the cost of the 
backbone link between node j E N and k E N, j < k, for a speed cr. Also, let or be the 
cost of a port of type r E R and /j the cost for establishing a switching node at location 
j E N. Finally, we denote tr the cost of a multiplexer plus the cost of its output link to 
the port of type r E R. 

• The total transmission link cost (ZL) equals the cost of the links of the local access 
networks plus the cost of the links of the backbone network. 

(19) 

• The total cost for the switching nodes (ZN) equals the cost for establishing the nodes 
plus the cost of the ports. 

ZN(u, v) = L_rjUj + L_ L_ L_ 8r(vjg + vjt). (20) 
jEN jEN sES rER 

• The total cost for multiplexing ( Z M) equals the cost of the multiplexers plus the cost 
of the output lines to the switching nodes. 

ZM(v) = L_ L_ L_ trv;g. (21) 
jEN sESrER 

Then the total cost of the network, i.e., the objective function of the problem is 
Z1(x,y, u, v) = ZL(x,y) + ZN(u, v) + ZM(v). 

It should be noted that the cost of a multiplexer with one input link is 0, and this 
corresponds to a direct connection between the user and the switch. 

The problem (Pl) 
The problem (Pl) is to minimize Z1(x,y, u, v) subject to (1-16) and v E B 21NIIRII8 1, u E 
BINI x E BIMIINIIRIISI y E Blp(INI-I)IRIISI2 f E RINI(INI+IMI-1li0 11DI where En is the set of 

' ' ' + ' n-dimensional binary vectors and R+. the set of nonnegative real n-dimensional vectors. 

4 SIMPLIFIED FORMULATION 

Problem (Pl) has the following drawback: the number of constraints and binary variables 
is extremely large. As a result, the problem is very hard to solve. In this section we propose 
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a simplified formulation of the problem for which the integrality constraints apply to the 
u and v variables only. The idea is to drop the flow constraints and add tree constraints 
to the backbone network. Then no dimensioning is needed at this level. 

Physical constraints 
Let r' be the port type used in the backbone network and Y]k a 0-1 variable such that 
Yjk = 1 if and only if the port s E S of the switching node at location j E N is connected 
to the port t E S of the switching node at location k E N. 

In the simplified formulation we keep the physical constraints (1-5) and add the follow
ing ones. 

• A port is used for a connection between switching nodes if another port is connected 
to it. 

j < k, j, k E N, s, t E S, 

j < k, j, k E N, s, t E S. 

(22) 

(23) 

• A connection between switching nodes is carried out by exactly two ports, one at each 
node. 

"' "' st + "' "' ts < r 1s L..J L..J Yjk L..J L..J Ykj - vii , j EN, s E S. (24) 
kEN tES kEN tES 
k>J k<J 

• The backbone network is a tree. Then the number of backbone links equals the number 
of switching nodes minus 1. 

(25) 

e Since the backbone network is a tree, no cycle must exist in the backbone network. 
Therefore, anti-cycle constraints are necessary. Constraints of this type may be gener
ated adaptively, as needed (see Lee, Qiu and Ryan (1994) for more details). 

LLLLY]k::; 2:: uj, lEH, HeN, IHI2:2. (26) 
jEH ~",~ sES tES jEH\{1} 

The objective function 
The objective function ofthe simplified formulation, Z2 (x, y, u, v), is the same as that for 
problem (Pl), except that we remove the summation over r in the computation of the 
cost of the backbone links and replace (3jk by f3jk, the backbone link cost between node 
j E N and k E N, j < k. 

The problem (P2) 
The simplified formulation, called (P2), is to minimize Z2(x,y, u, v) subject to (1-5), 

1!!1 . 2 
(22-26) and v E B2INIIRIISI, u E BINI, x E R~IINIIRIISI, y E R+2 (INI-Ill·'l 
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Figure 5 Input for example A. 

5 COMPUTATIONAL RESULTS 

A 
I 570 1250 
2 320 1520 
3 2!l0 1590 
4 2XO 1450 
5 1450 3KO 
6 15XO 310 

IAI 
A 113~0 

Q Candidate switch location 

e Uscrnndc 

I 

The two models were solved for two different examples, called A and B, using the CPLEX 
Mixed Integer Optimizer (see the CPLEX user's manual (1993) for more information 
about CPLEX). Note that the algorithm used by the CPLEX Mixed Integer Optimizer 
is the branch-and-bound algorithm (see Nemhauser and Wolsey (1988) for more details 
about the branch-and-bound algorithm). For the computing platform, we used a Sun 
Server 1000. 

In the examples, the cost of any link is proportional to the distance between the end
points. The costs of STM-1 and STM-4 links are 10 $/mile and 20 $/mile respectively. 
The base cost of a switch is 3000 $whereas the costs of STM-1 and STM-4 ports are 500 $ 
and 1000 $respectively. Also, the cost of a multiplexer with four STM-1 input links and 
a STM-4 output link is 500 $. The maximum number of ports for a switching node is 8. 

Example A 
Example A is used to test model (PI). The location of user nodes, the candidate locations 
for the switching nodes and distances in miles are illustrated in Figure 5. For example, 
the distance between user node 1 and the candidate switch location B is 1250 miles and 
that between candidate switch location A and B is 1330 miles. Moreover, the user nodes 
are attached to the backbone network through STM-1 links. The demand between each 
pair of users is 1 Mbit/s and the total capacity of a switching node is 10 Gbit/s. 

The optimal solution is illustrated in Figure 6 and the cost of this solution is 44 200 $. 
The solution time is 1985.56 sec. The reader can verify that this is the optimal solution. 

Example B 
Example B is used to test model (P2). The location of user nodes, the candidate locations 
for the switching nodes and distances in miles are illustrated in Figure 7. The user nodes 
are attached to the backbone network through STM-1 links, and the switching nodes are 
connected through STM-4 links. 

The optimal solution is illustrated in Figure 8 and the cost of this solution is 90 000 $. 
The number of nodes in the branch-and-bound tree is 86 and the solution time is 4.60 sec. 

It should be noted that even though problem (P2) is more tractable than problern (PI), 
(P2) becomes hard to solve for large networks. In fact, this problem is harder than the 
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Switching node A 

Speod 
Port I STM-4 
Port2 STM-1 

P01t 2 STM-1 
Port3 STM-1 

Q Candidate switch location 

e Switching node 

e Usernode 

C> Multiplexer 

STM-llink 

STM-4link 

Figure 6 Solution of example A . 
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" no 220 740 

9 1050 H40 540 
10 1040 1070 470 
II H40 1050 280 
12 H60 1140 350 
13 6HO 1190 3HO 

A C 
A K60 560 

1.00 

Q Candidate switch location 

e Uscrnodc 

Figure 7 Input for example B. 

degree constrained node-weighted Steiner tree problem presented by Lee, Qiu and Ryan 
(1994), which has been proved to be NP-Hard. Because of this complexity, we may not 
expect to find an efficient algorithm to solve these problems to optimality. 

6 CONCLUSIONS AND FURTHER WORK 

In this paper we have defined the design of broadband networks as a global problem that 
includes the location problem, the topological design of the backbone and access networks 
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Switching node B 

s ed 
Port I STM-4 
Port2 STM-1 
Port3 STM-4 

Switching node C 

s d 
Port 1 STM-4 
Port2 STM-4 
Port3 STM-4 

Q Candidate switch location 

e Switching node 

e Usernode 

[:> Multiplexer 

STM-11ink 

Figure 8 Solution of example B. 

as well as the dimensioning of switches and the links between switches. Technical details 
of the devices have been taken into account. Two models were proposed and one example 
solved for each model. 

Since the problem is NP-hard, it is clear that exact algorithms will be very time consum
ing. Nevertheless, we plan to tackle several solution approaches based on the constraint 
generation technique, in order to find the optimal solution of the models for networks 
of fair size (in the tens of switching nodes). This approach will help planners find good 
bounds for custom-made heuristics used by the industry. 
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